Pneumonia remains the leading killer of children worldwide [8] . Of the estimated 1.4 million child deaths from pneumonia in 2010, more than 99% occurred in developing countries, and 46% were in SSA [8] . In 2013, the World Health Organization (WHO) updated its recommendations for diagnosis and treatment of pneumonia in settings with limited diagnostic capabilities [9] . These guidelines classify children as having nonsevere or severe pneumonia, and offer specific treatment recommendations for children with known or suspected HIV infection. For HIV-uninfected children (including HIV-EU children), ampicillin or benzylpenicillin with gentamicin is recommended for severe pneumonia, while high-dose oral amoxicillin can be given for nonsevere disease. For HIV-infected children (or HIVexposed children who have not had HIV testing), ampicillin or benzylpenicillin with gentamicin is recommended regardless of disease severity, and high-dose trimethoprimsulfamethoxazole (TMP-SMX) should be considered for treatment of Pneumocystis jirovecii pneumonia (PCP) in infants. Cloxacillin and gentamicin are recommended regardless of HIV status if there is suspicion of staphylococcal pneumonia. Treatment with a third-generation cephalosporin is reserved for failure of first-line antimicrobial therapy.
The incidence of pneumonia among HIV-EU children is higher than HIV-unexposed children, and studies suggest that HIV exposure may also be associated with treatment failure among children treated as per WHO guidelines [2, 4, 10, 11] . McNally et al reported that HIV-EU infants with pneumonia who were given benzylpenicillin, gentamicin, and high-dose TMP-SMX had higher treatment failure rates than similarly treated HIV-unexposed infants [12] . Webb et al similarly found an increased treatment failure rate among children with a positive HIV antibody test, although this study did not distinguish infant HIV infection from in utero HIV exposure with placental acquisition of maternal antibody [13] . The authors of these studies concluded that WHO pneumonia treatment guidelines should be reexamined for settings with a high prevalence of HIV infection or exposure [12, 13] .
We conducted a hospital-based, prospective cohort study to assess whether HIV-EU children have worse outcomes from pneumonia than HIV-unexposed children during the first 2 years of life. As a secondary objective, we investigated whether specific antimicrobial regimens might reduce the risk of treatment failure among HIV-EU children.
METHODS

Setting
The study was conducted from April 2012 to October 2013 at a tertiary hospital in Gaborone, Botswana. The country's prevalence of human immunodeficiency virus type 1 (HIV-1) among pregnant women aged 15-49 years was 30.4% in 2011 [14] . Haemophilus influenzae type B conjugate vaccine was included in the country's immunization schedule in 2010, while 13-valent pneumococcal conjugate vaccine was introduced in July 2012.
HIV-infected women in Botswana are counseled to exclusively breastfeed their children until at least 6 months of age unless replacement feeding is acceptable, feasible, affordable, sustainable, and safe (AFASS), and free infant formula is provided to HIV-infected women who meet these criteria [15, 16] .
Study Population
Children 1-23 months of age with pneumonia, defined by the WHO as cough or difficulty in breathing with lower chest wall indrawing, were eligible for inclusion, provided that a legal guardian was available to provide written informed consent [9] . The presence of 1 or more danger signs (central cyanosis, convulsions, inability to drink, or abnormal sleepiness) further classified children as having severe pneumonia [9] . We excluded children with a chronic medical condition predisposing to pneumonia (other than HIV), hospitalization in the prior 14 days, asthma, wheezing with resolution of lower chest wall indrawing after 2 or fewer bronchodilator treatments, or previous enrollment in the study. All children were recruited within 6 hours of the triage time in the Emergency Department (ED).
Clinical care was provided by medical officers and pediatric residents on a ward supervised by pediatric specialists. Supplemental oxygen and continuous positive airway pressure (CPAP) were routinely available, while there was limited access to mechanical ventilation in an intensive care unit. Intravenous antibiotics that were routinely available included ampicillin, gentamicin, cloxacillin, ceftriaxone, cefotaxime, TMP-SMX, and vancomycin, while amoxicillin, amoxicillin-clavulanate, TMP-SMX, and erythromycin were available orally. Departmental guidelines for treatment of pneumonia were based on WHO recommendations, but antibiotic decisions were ultimately at the discretion of the treating pediatrician. Chest radiographs were routinely obtained for children with symptoms of lower respiratory tract infection, and interpretation was by the treating pediatrician. The hospital's microbiology laboratory uses a manual blood culture system but does not perform testing for respiratory viruses. Acid-fast stain and mycobacterial culture were intermittently available to clinicians during the study period.
Data Collection
Sociodemographic and clinical data were collected at enrollment from a physical examination, review of infant and maternal medical records, and a detailed face-to-face interview with the child's caregiver(s). Research staff assessed children and reviewed hospital charts daily until discharge (or death), recording additional clinical information including the dates and times of antibiotic doses.
Severe acute malnutrition was defined as weight-forlength <-3 standard deviations on WHO growth curves, mid-upper arm circumference <115 mm (for children 6 months), or bilateral edema of nutritional origin [17] . Children were considered to have a tuberculosis contact if their caregiver reported a household member was diagnosed with or treated for tuberculosis in the prior 12 months. Proximity to health care services was categorized as travel of <1 or 1 hour prior to first contact with the health system (at a clinic or hospital) on the enrollment date. Children were considered to have received a WHO antibiotic regimen if the prescribed regimen included at least the recommended antibiotic(s), even if they received additional antibiotics, and the first dose was given within 6 hours of ED triage time. Microbiological confirmation of PCP was not available, but clinicians frequently used lactate dehydrogenase (LDH) as a screening test in children with compatible illnesses. Children were considered to have probable PCP if they had an oxygen saturation <85% on room air, abnormal chest radiograph, and LDH >750 IU/L.
Study data were collected and managed using REDCap electronic data capture tools hosted at The Children's Hospital of Philadelphia (Philadelphia, PA).
Classification of HIV Exposure Status
Children of mothers with documented negative testing for HIV-1 during pregnancy, at delivery, or at enrollment were classified as HIV-unexposed. Children whose mothers tested positive for HIV-1 before or at delivery were considered HIV-exposed. Testing of infants <18 months of age for HIV-1 was performed using the Roche Amplicor 1.5 HIV DNA PCR (Roche, Alameda, CA). Infants 18 months and mothers were tested for HIV using dual parallel rapid testing with the Determine HIV 1/2 (Abbott Laboratories, North Chicago, IL) and Uni-Gold Recombigen HIV (Trinity Biotech, Inc., Wicklow, Ireland) tests. HIV-exposed children were classified as HIV-EU if they tested negative for HIV-1 after 6 weeks of age if exclusively formula fed, at least 6 weeks after breastfeeding cessation, or at enrollment.
Outcomes Assessment
The primary outcome, treatment failure, was assessed at 48 hours by a study physician or nurse blinded to HIV exposure status. This investigator was provided only with the name and location of the child on the ward, and did not have access to enrollment data or the child's medical record. Treatment failure was defined as persistent lower chest wall indrawing, the development of new WHO danger signs, oxygen saturation <80% (on room air), a continued requirement for CPAP or mechanical ventilation, or death. This definition was adapted for our setting from criteria used in a previous WHO-funded study of childhood pneumonia [18] , and training sessions were held every 3 months during the study period to standardize the assessment process. Children discharged before 48 hours were considered treatment responders, but caregivers were contacted by telephone to confirm treatment response.
Secondary outcomes included days of supplemental oxygen, days of CPAP or mechanical ventilation, length of stay, and in-hospital mortality. For a given day, the highest level of respiratory support required by a child was recorded. Length of stay was calculated from the ED triage time to the time of discharge from the ward.
Statistical Analysis
Baseline characteristics of the exposure groups were described using frequencies and percentages for categorical variables and median and interquartile ranges (IQR) for continuous variables. We used Cox proportional hazards to directly estimate risk ratios (RR) for treatment failure at 48 hours and in-hospital mortality [19] . This approach, as opposed to logistic regression, was necessary given the commonality of both outcomes of interest. More specifically, when the outcome is not rare (ie, >10%), the odds ratio estimated by logistic regression will be an upwardly biased estimate of the underlying RR [20] . We used linear regression to estimate mean differences in days of supplemental oxygen, days of CPAP or mechanical ventilation, and length of stay according to HIV exposure status. Adjusted analyses included age and proximity to health care services, which were potential confounding variables identified based on subject matter knowledge of the proposed causal pathway between HIV exposure and pneumonia outcomes (Appendix 1). Measures of pneumonia disease severity and infant feeding practices were not included in adjusted analyses, as these variables are potential downstream consequences of in utero HIV exposure [21] .
In analyses limited to HIV-EU children, we used Cox proportional hazards to directly estimate crude and adjusted RR for treatment failure at 48 hours according to receipt of a third-generation cephalosporin (versus ampicillin and gentamicin), adjusting for the following potential confounders: age, low birth weight (<2500 g), severe malnutrition, WHO disease severity, respiratory rate, and hypoxia (oxygen saturation <90%, room air).
All statistical analyses were conducted using SAS software version 9.3 (SAS Institute, Cary, NC). This study was approved by the Health Research and Development Committee (Ministry of Health, Botswana) and institutional review boards at Princess Marina Hospital, The University of Pennsylvania, and The Children's Hospital of Philadelphia.
RESULTS
Patient Characteristics
Four hundred fifty-three children were screened by the study team for enrollment, and 253 children were eligible (Figure 1) . The legal guardians of 15 children (6%) declined consent, but the age and gender of these children did not differ from enrolled children. Table 1 presents baseline characteristics of the study population. The median age was 6.0 months and 55% were male. Eighty-five (36%) children presented with severe pneumonia. One hundred fifty-three children (64%) were HIV-unexposed, 64 (27%) were HIV-EU (27%), 20 were HIV-infected (8%), and the HIV exposure status of 1 child could not be established. Of children classified as HIV-EU, 48 (75%) were tested for HIV at enrollment, while the remaining 16 HIV-EU children were exclusively formula-fed and had previously tested negative for HIV by DNA PCR at 6 weeks of age. All the mothers of children classified as HIV-unexposed tested negative for HIV at least once during the pregnancy, and in 91 (59%) cases either the mother or infant also tested negative for HIV at enrollment. Fifteen (75%) HIV-infected children were diagnosed with HIV during the enrollment hospitalization, and only 3 HIV-infected children were on antiretroviral therapy at the time of enrollment. Four (20%) HIV-infected and 15 (23%) HIV-EU children were on TMP-SMX prophylaxis at enrollment; an additional seven (11%) HIV-EU children were enrolled in an ongoing double-blind trial comparing TMP-SMX prophylaxis with placebo.
Severe malnutrition, current breastfeeding, maternal education levels, reported days of cough and fever, and hemoglobin levels differed significantly by HIV exposure status (Table 1) . However, in comparisons limited to HIV-uninfected children, only current breastfeeding (P < .0001) and maternal education levels (P = .01) differed between HIV-EU and HIV-unexposed children. There were no significant differences in WHO disease severity, respiratory rate, or hypoxia by HIV exposure status.
LDH was sent on the date of enrollment for 10 HIV-infected, 16 HIV-EU, and 8 HIV-unexposed children. Eight (40%) HIV-infected, 4 (6%) HIV-EU children, and 1 (<1%) HIV-unexposed child met clinical criteria for probable PCP.
Treatment Outcomes
Seventy-eight (33%) participants failed treatment at 48 hours: 36 (24%) HIV-unexposed, 30 (47%) HIV-EU, and 12 (60%) HIV-infected children (Figure 2) . One hundred forty-five (61%) children received supplemental oxygen, 26 (11%) required CPAP, and 5 (2%) children were mechanically ventilated during the hospitalization. Fourteen (5.9%) children died, including 4 (2.6%) HIVunexposed, 8 (12.5%) HIV-EU, and 2 (10.0%) HIVinfected children (Figure 2 ). Median length of stay for the 224 children surviving to hospital discharge was 3.6 days (IQR: 1.9, 8.0 days). Fifty-two (22%) children were discharged before the 48-hour treatment failure assessment; the caregivers of 48 (92%) of these children were contacted by phone, and no child was reported to have required further medical care. Table 2 presents the results of univariate and multivariable analyses by HIV exposure status. Both HIV-EU and Wald χ 2 P-values. c Defined as weight-for-length <-3 SD on standard WHO growth curves, mid-upper arm circumference <115 mm (for children 6 months of age), or the presence of bilateral edema of nutritional origin. d Contact within household who was diagnosed with or treated for tuberculosis in the prior 12 months. e Pneumonia accompanied by WHO danger signs (central cyanosis, convulsions, inability to drink, or abnormal sleepiness). f Caregivers were asked if the child had been seen or had treatment recommended outside of a local health post, clinic, or hospital for the current illness.
HIV-infected children were significantly more likely to fail treatment at 48 hours than HIV-unexposed children (HIV-EU versus HIV-unexposed, RR: 1.83, 95% confidence interval [CI]: 1.27-2.64, P = .001; HIV-infected versus HIV-unexposed, RR: 2.08, 95% CI: 1.39-3.12, P = .0004). HIV-EU and HIV-infected children also required significantly more days of CPAP or mechanical ventilation and tended to have longer lengths of stay than HIV-unexposed infants. Among HIV-uninfected children, in-hospital mortality was strongly associated with in utero HIV exposure (HIV-EU versus HIV-unexposed, RR: 4.31, 95% CI: 1.44-12.87, P = .01). Mortality did not differ between HIV-EU and HIV-infected children (HIV-EU versus HIV-infected, RR: 1.58, 95% CI: 0.39-6.49, P = .40), although power for this comparison was limited by the small number of HIV-infected children in the cohort. When analyses were stratified by age (1-5 months versus 6-23 months), differences in the risk of treatment failure and in-hospital mortality by HIV exposure status were observed only among children <6 months of age (Figure 2) . The effects of HIV exposure on treatment failure at 48 hours (RR: 2.10, 95% CI: 1.42-3.08, P = .001) and in-hospital mortality (RR: 6.05, 95% CI: 2.08-17.58, P = .0009) were not significantly changed when we excluded HIV-EU children who were not tested for HIV at enrollment (n = 20). Similarly, we conducted additional analyses in which we excluded the following subpopulations: (1) children who had been breastfed in the prior 6 weeks or were <6 weeks of age (n = 115), (2) children on TMP-SMX prophylaxis or enrolled in the placebocontrolled trial of TMP-SMX prophylaxis (n = 26), or (3) children discharged before the 48-hour treatment failure assessment (n = 52). The effect of HIV exposure status on treatment failure at 48 hours was unchanged in these sensitivity analyses (data not shown).
As infant-feeding practices may contribute to the observed differences in treatment outcomes by HIV exposure Risk ratios (or differences in means) estimated from Cox proportional hazards models (or linear regression models) adjusted for age and proximity to health care services. e122 Kelly et al status, we sought to examine whether current breastfeeding was associated with treatment failure within categories of HIV exposure status. Only 4 HIV-EU and 7 HIV-infected children were breastfeeding at enrollment, and we did not have sufficient power to assess whether reduced breastfeeding contributed to the poor outcomes of these children. However, current breastfeeding did not alter the risk of treatment failure among HIV-unexposed children (RR: 0.85, 95% CI: 0.46-1.56, P = .59) in analyses adjusting for age and low birth weight.
Antimicrobial Treatment
One hundred fifty (63%) children received a WHO-recommended antibiotic regimen during the first 48 hours, with the most common regimen being ampicillin and gentamicin (Table 3) . Among children who did not receive antibiotics or for whom antibiotics were discontinued before 48 hours (n = 71), only 16% failed treatment and none died; 66% had a discharge diagnosis of bronchiolitis. Six of 17 (35%) children who started antibiotics >6 hours after presentation failed treatment, and one HIV-unexposed child died. Compared with HIV-unexposed children, HIV-EU children were more likely to receive an initial regimen containing a third-generation cephalosporin (P = .03), and were more often treated for PCP with high-dose TMP-SMX (P < .0001). Thirty HIV-EU children failed treatment at 48 hours, including 26 (87%) who received a WHO antibiotic regimen and 15 (50%) who received a thirdgeneration cephalosporin. In multivariable analyses limited to HIV-EU children, treatment with a third-generation cephalosporin did not reduce the risk of treatment failure compared with ampicillin and gentamicin (RR: 1.01, 95% CI: 0.56-1.82, P = .98).
CONCLUSIONS
Among children with pneumonia in Botswana, HIV-EU children were significantly more likely to fail treatment at 48 hours, required more days of CPAP or mechanical ventilation, and had higher in-hospital mortality than HIV-unexposed children. These differences in outcomes by HIV exposure status were observed only among children <6 months of age and were not attenuated by receipt of second-line antimicrobial therapy.
There are several potential explanations for the poor outcomes observed among HIV-EU children. In utero exposure to HIV and antiretroviral medications results in a broad spectrum of abnormalities of the adaptive and innate immune systems. These immune abnormalities are present at birth and resolve with age, although differences in several parameters remain detectable until at least 24 months of age [22] [23] [24] . Abnormalities of lymphocyte number are perhaps the most extensively studied, with HIV-EU infants having fewer naïve and total CD4+ lymphocytes and CD8+ lymphocytes than HIV-unexposed infants [22, 25, 26] . These abnormalities appear to be more pronounced among HIV-EU infants exposed in utero to antiretroviral therapy. However, small but significant reductions in lymphocyte number are still observed among HIV-EU infants whose mothers did not receive antiretroviral therapy, suggesting that exposure to an altered maternal immune system or HIV itself might also contribute [23] [24] [25] 27] . HIV-EU infants also have lower neutrophil counts, altered cytokine production, and acquire lower levels of maternal antibodies specific to many common pathogens including Streptococcus pneumoniae [22-25, 28, 29] . Finally, breastfeeding has established immunologic benefits and reduces pneumonia incidence and all-cause mortality among HIV-EU infants in developing countries [30] [31] [32] [33] .
Although reserved for second-line therapy in current WHO guidelines, third-generation cephalosporins are widely available alternatives that provide improved coverage of several bacterial pathogens, including penicillinresistant S pneumoniae and some Gram-negative bacteria. Few studies have compared the effectiveness of thirdgeneration cephalosporins to other antimicrobial regimens used to treat childhood pneumonia. A recent study that examined data from 43 children's hospitals in the United States reported similar outcomes among hospitalized children treated with a third-generation cephalosporin or ampicillin (or penicillin) [34] . In our cohort, receipt of a third-generation cephalosporin did not reduce the risk of treatment failure among HIV-EU children compared with ampicillin and gentamicin. This may relate to the relatively small differences in spectra between these antimicrobial regimens, or to the importance of pathogens not treated by either regimen, including respiratory viruses and tuberculosis. Several case series also describe PCP among HIV-EU infants, and McNally et al detected P jirovecii from bronchoalveolar lavage in one-third of HIV-EU children failing treatment at 48 hours [12, 35, 36] . Although microbiological confirmation was not possible in our setting, 4 HIV-EU children met clinical criteria for probable PCP and 3 of these children died, suggesting that PCP may have contributed to the increased mortality observed among HIV-EU children.
Our study has several limitations. First, this research was conducted at a tertiary hospital staffed by pediatricians with access to CPAP and mechanical ventilation, and the findings may not be generalizable to facilities with more limited capabilities. Second, HIV testing of children at enrollment was at the discretion of the clinical team, and it is possible that a child classified as HIV-EU might have been infected through recent breastfeeding. However, the effect of HIV exposure on the risk of treatment failure was unchanged in sensitivity analyses excluding HIV-EU children who were not tested for HIV at enrollment or HIV-EU and HIV-unexposed children who had breastfed in the prior 6 weeks or were not yet 6 weeks of age. False-negative HIV testing is also unlikely as the HIV tests we used have sensitivity >98-99% for the diagnosis of HIV-1 infection [37] [38] [39] . Given the observational study design, antibiotic regimens were not systematically assigned to study participants, and the potential for unmeasured confounding by indication exists. Our case definition for PCP may also not reliably estimate the contribution of P jirovecii to the poor outcomes of HIV-EU and HIV-infected children. Finally, few HIV-EU infants in our cohort were breastfed, and we did not have statistical power to determine whether reduced breastfeeding contributed to the poor outcomes of these children. Current breastfeeding did not prevent treatment failure among HIV-unexposed children, but a benefit of breastfeeding on clinical outcomes may differ by HIV exposure status.
Our results indicate that HIV exposure is associated with treatment failure and mortality among HIV-uninfected children with WHO-defined pneumonia during the first 6 months of life. Treatment with a third-generation cephalosporin did not prevent treatment failure among HIV-EU children, suggesting that altering treatment recommendations to expand coverage of typical bacterial pathogens may not improve outcomes among these children. Further research is needed to confirm these findings and to investigate the roles of infant feeding practices and PCP in mediating the poor outcomes of HIV-EU children meeting clinical criteria for pneumonia.
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